The biosynthesis of the principal animal sterol, cholesterol, has received much attention and many of the steps in the biosynthetic pathway have been elucidated (Clayton, 1965a,b) . An increasing amount of interest is now being shown in the study of the biosynthesis of plant triterpenes and sterols.
In plants it is to be expected that, as in cholesterol biosynthesis, squalene will be derived from mevalonic acid via several phosphorylated derivatives. Subsequent cycization of the squalene will give either the pentacyclic or the tetracycic triterpenes (Ruzicka, 1959) . Support for these theoretical considerations has now been obtained. Mevalonatekinase activity has been demonstrated in different plant species (Loomis & Battaile, 1963; Williamson & Kekwick, 1965; Rogers, Shah & Goodwin, 1965) . Nicholas (1962a,b,c) found that [2-14C]-mevalonate was incorporated into ,-amyrin and fl-sitosterol by germinating seeds of the pea, Pi8um sativum. In addition Capstack et al. (1962) demonstrated the biosynthesis ofsqualene andthe incorporation of [2-14C] Bennett, Heftmann, Preston & Haun (1963) in Dioscorea spicaliflora and by Mercer, Davies & Goodwin (1963) and in maize. Also Benveniste, Hirth & Ourisson (1964a) have found that [1-14C] acetate is incorporated into the sterols of tissue cultures of Nicotiana tabacum. Battersby & Parry (1964) degraded ,-sitosterol biosynthesized by Rauwolfla 8erpentina in the presence of [2-14C] mevalonate and showed that the labelling pattern was the same as that observed in cholesterol, thus indicating that phytosterols arise by a biosynthetic pathway very similar to that for cholesterol. Capstack, Rosin, Blondin & Nes (1965) have demonstrated directly the cyclization of labelled squalene to ,-amyrin in homogenates prepared from germinated pea seeds. Similarly Bennett & Heftmann (1965) have shown the conversion in vivo of [14C] squalene into ,-sitosterol by Pharbiti8 nil seedlings.
The typical phytosterols differ from cholesterol by the presence of a supernumerary alkyl group at C-24. In ergosterol this was shown to arise by transmethylation from methionine (Alexander & Schwenk, 1958) . It has since been found that the ethyl group of ,B-sitosterol and spinasterol and the ethylidene group of fucosterol arise by a double methylation from methionine (Castle, Blondin & Nes, 1963; Bader, Guglielmetti & Arigoni, 1964;  Villanueva, ).
The present work was undertaken in an attempt to demonstrate the incorporation of [2-14C] (Cryselco, 20w, 2ft .) placed 25cm. above the flasks. The incubation was terminated, usually after 4hr., by the addition of 5-Oml. of hot ethanol followed by boiling for 2-3min. Where incubation conditions differed from the above they are detailed in the text.
Anaerobic incubation8. These were performed in specially constructed Warburg-type flasks of 50ml. capacity. A 1g. portion of chopped pea leaves was placed in the main compartment and moistened with 0-5 ml. of water, and 1-Oml. of potassium [2-14C]mevalonate (1-0,tc) was placed in the side arm. The centre well contained a filter-paper wick moistened with alkaline pyrogallol. Nitrogen (oxygenfree) entered the flask via an inlet in the side arm and escaped through a no. II serum hypodermic needle inserted through the Suba-Seal rubber cap that closed the neck of the flask. The flask was flushed with nitrogen for 15 min. before tipping the potassium [2-14C]mevalonate solution on to the chopped leaves to start the incubation. The flasks were flushed with nitrogen throughout the incubation, which was at 250 with illumination as described above. The incubation was stopped by injecting 5-Oml. of hot ethanol through the rubber cap followed by boiling for 2-3min.; the flow of nitrogen was continued during these operations.
Saponification and extraction of non-8aponifiable lipid.
The contents of duplicate flasks were combined and saponified by refluxing for lj-2hr. with 30-40ml. ofethanol, 10ml. of water and 8-0g. of KOH. The non-saponifiable lipid was extracted into diethyl ether, which was then washed free of alkali and ethanol and dried over Na2SO4 in the usual manner.
Chromatography of the non-8aponifiable lipid on alumina. Thin-layer chromatography. Thin-layer chromatography was carried out on layers of silica gel (Kieselgel G; E. Merck A.-G., Darmstadt, Germany). Rhodamine 6G was incorporated into the plates during their preparation and compounds were located by examination in ultraviolet light (Avigan, Goodman & Steinberg, 1963 Gaa-liquid chromatography. A Pye Argon Chromatograph was used. Three columns were used packed with 80-100-mesh acid-washed silicone-treated Gas-Chrom P coated with (a) 3% SE-30, (b) 5% QF-1 or (c) 1% Hi-EFF8B (all supplied by Applied Science Laboratories Inc., Pennsylvania, U.S.A.). The column temperature was 2190. Cholestane was always run with the sample. The relative retention times are given as a guide (Fig. 5) but it was found that these values tended to vary with different columns and also with the age of the column. For identification purposes authentic steroids were normally chromatographed separately on the same day as the unknown compounds. 736 1966
Precipitation of steroids. 3,B-Hydroxy steroids were precipitated from the non-saponifiable lipid essentially by the method of Windaus (1909) . The precipitated digitonides were washed only with diethyl ether. Washing with ethanol was avoided because of the solubility of lanosterol and cycloartenol digitonides in this solvent (Ohta & Shimizu, 1957) . The steroids were recovered from the digitonides by treatment with pyridine in the usual manner (Williams & Goodwin, 1965 Tri-Carb Liquid Scintillation Spectrometer, model 314EX. Samples were dissolved in lOml. of scintillator containing 5 0g. of 2,5-diphenyloxazole and 0 3g. of 1,4-bis-(4-methyl-5-phenyloxazol-2-yl)benzene/l. oftoluene. Coloured samples were dissolved in 0 5 ml. of toluene in the counting vial and decolorized under ultraviolet light (Phillips Ultraviolet, 300w) before addition of the scintillator solution.
RESULTS
Separation of steroids into structural groups. Clayton, Nelson & Frantz (1963) observed that steroid mixtures of animal origin can be separated by suitable chromatographic methods into three structural groups depending on the number of methyl groups located at C-4 in ring A of the steroid. It has been found that steroid mixtures of plant origin can be similarly separated into these three groups (Schreiber, Osske & Sembdner, 1961; Williams, Goad & Mercer, 1965) . With the chromatographic system given in Table 1 authentic triterpenes with a 4,4-dimethyl grouping (e.g. f,-amyrin, lanosterol or cycloartenol) are eluted in fraction 3. Compounds with a single methyl group at C-4 (e.g. lophenol) are eluted in fraction 4. The major phytosterols such as fl-sitosterol, stigmasterol, campesterol and also cholesterol and ergosterol appear in fraction 5. Accordingly the incorporation of radioactively labelled mevalonate and methionine by plants into these three structural groups of steroids was first investigated.
Incorporation of [2-14C] Fraction 1, which contained squalene and also ,-carotene and other polyenes, was significantly labelled. As expected, fraction 5, which contains the major pea sterol, was the most heavily labelled. However, fractions 3 and 4 also contained high proportions of the total radioactivity. A further portion of the total non-saponifiable lipid (31 600 disintegrations/min.) from the [2-14C]-mevalonate incubation with pea leaves was separated by thin-layer chromatography on silica gel. This system will also separate sterol mixtures into the three main structural groups (Avigan et al. 1963) . After development of the plate the zones A, B, C, D, E and F as indicated in Fig. 1 were scraped off, the lipids were eluted with diethyl ether and the radioactivity was determined. Table 2 shows the results obtained. Also included in Table 2 is the distribution of radioactivity in the non-saponifiable lipid after incubation of chopped maize leaves with [2-14C]mevalonate. In both peas and maize radioactivity was located in material that co-chromatographed with squalene and with the three main steroid groups. However, radioactivity was also present in compounds that ran ahead of the 4,4-dimethyl steroids (zone B) and also between the origin and the ,-sitosterol region (zoneF). These can be seen in the radioautograph ofthe separated maize non-saponifiable lipid shown in Fig. 1 . Three radioactive bands with mobilities greater than the 4,4-dimethyl steroids and one radioactive zone more polar than ,-sitosterol were revealed. Radioactivity also remained at the origin. Similar radioactive compounds were observed by radioautography of thin-layer chromatograms of the nonsaponifiable lipid from pea leaves incubated with [2-14C]mevalonate.
Identification of labelled 8qualene. Fraction 1 (Table 1) contained an appreciable amount of radioactivity. To a portion of this material was added 1 mg. of authentic squalene and the material separated by thin-layer chromatography with hexane for development. The squalene and ,-carotene bands were eluted and the radioactivity was determined. About 85% of the recovered radioactivity was in material that co-chromatographed with the authentic squalene. Radioactivity also co-chromatographed with fl-carotene. To characterize the squalene further, a fraction 1 sample from another incubation of pea leaves with The 'steroid-free' non-saponifiable lipid recovered after precipitation of the steroid digitonides was examined by chromatography on alumina by using the conditions described in the Materials and Methods section. Fraction 1 contained appreciable radioactivity (32 390 disintegrations/min.) identified by thin-layer chromatography as being due predominantly to squalene. Fraction 5 contained little radioactivity (1910 disintegrations/min.) and no sterol could be detected by the LiebermannBurchard reaction. Some radioactivity was present in fraction 4 (15 060disintegrations/min.)butfraction 3 contained a very considerable proportion (96510 disintegrations/min.) of the total radioactivity recovered from the column. Steroids, such as lanosterol, that contain a 4,4-dimethyl grouping are known to be only poorly precipitated by digitonin and under the conditions used in the present work only about 10-15% of the total lanosterol is precipitated. Assay of fraction 3 by the Liebermann-Burchard reagent revealed that about 90% of the carrier lanosterol remained unprecipitated. From these results it was concluded that some if not most of the radioactivity in fraction 3 is in 3fl-hydroxy steroids of the lanosterol type.
Radioactivity was also present in fraction 2 (3960 disintegrations/min.) and fraction 6 (19040 disintegrations/min.); no attempt has been made to characterize further the compounds responsible for the radioactivity. Table 2 ; also included are similar results obtained with the non-saponifiable lipid of maize. Rechromatography several times failed to remove radioactivity that always co-chromatographed with the three structural groups of steroids. This is illustrated by the radioautograph shown in Fig. 3 . Methionine also labelled materials less polar than the 4,4-dimethyl steroids; in maize this radioactivity was shown by radioautography to be in the two uppermost of the three bands that were radioactive after incubation with [2-14C]mevalonate (see Fig. 1 ). Precipitation of the steroid digitonides followed by chromatography of the regenerated steroids (Fig. 4) gave three radioactive peaks, which cochromatographed with the three steroid structural groups. The first was small but analysis of the 'steroid-free' non-saponifiable lipid by chromatography on alumina showed, as in the previous experiment, that 80-90% of the carrier lanosterol remained and was accompanied by appreciable radioactivity (11 530 disintegrations/min.). Therefore the proportion of radioactivity accompanying the 4,4-dimethyl steroids recorded in Fig. 4 repressents a miniimal amount of radioactivity in this group of steroids. The bulk of the radioactivity was associated with the carrier fl-sitosterol but there was also very appreciable radioactivity in the intermediate peak corresponding to the 40c-methyl steroids. conditions. The distribution of radioactivity in the non-saponifiable lipid from the aerobic incubation followed a similar pattern to that observed previously, but in the anaerobic incubation the major proportion of the radioactivity was in fraction 1. Thin-layer chromatography showed that over 90% of this radioactivity co-chromatographed with authentic squalene. Identification of the steroids of pea leaves. The non-saponifiable lipid (628mg.) was extracted from the leaves (310g. wet wt.) of peas germinated for 8 days in the light. The crude steroid mixture (75mg.) obtained by digitonin precipitation was fractionated by chromatography on 10g. of alumina (Brockmann grade III) and the column eluted stepwise with increasing percentages of diethyl ether in light petroleum (b.p. 40-60°) as indicated in the Materials and Methods section.
Fraction 3 (1-5 mg.) was further chromatographed on thin layers of silica gel and compounds with R.
identical with that of marker lanosterol were eluted. Gas-liquid chromatography on 3% SE-30 (Shimizu, Uchimaru & Ohta, 1964) revealed two major peaks and a number of minor peaks (Fig. 5a) (Fig. 5c) showed that the major sterols of pea leaves are ,-sitosterol (peak 3c), stigmasterol (peak 2c) and campesterol (peak Ic). ,-Sitosterol and fucosterol cannot be separated on 3% SE-30 but a good separation is possible on silicone-treated Gas-Chrom P with Hi-EFF8B as stationary phase (Knights, 1964) . Examination of the pea-leaf sterols on this system (Fig. 5d) revealed the presence of a small amount of material (peak 3d) with a relative retention time very close to that of fucosterol. Peaks 2d and Id corresponded to ,Bsitosterol and a mixture of stigmasterol and campesterol, which cannot be separated on this system, respectively.
DISCUSSION
By analogy with cholesterol biosynthesis it is reasonable to assume that squalene is a precursor of the phytosterols. Squalene biosynthesis has now been demonstrated in a number of plants. Nicholas (1962a,b,c) showed that there was a rapid turnover of squalene with a concomitant increase in the specific activity of ,B-sitosterol when [2-14C]mevalonate was administered to Ocimum basiaicum. These facts and also the demonstration by Bennett & Heftmann (1965) in pea and maize seedlings was therefore to be expected, but it was important to demonstrate this in our experimental material under our conditions.
Oxygen is required for the cyclization of squalene to sterol in animal tissues, and Benveniste, Durr, Hirth & Ourisson (1964) have noted an accumulation of squalene in anaerobic tissue cultures of Nicotiana tabacum. The accumulation of radioactive squalene in pea leaves under anaerobic conditions is in agreement with these observations. The reason for the very considerable decrease in the incorporation of [2-14C]mevalonate into the nonsaponifiable lipid that was noted in our experiments is obscure. Possibly oxygen is required for the uptake and transport of mevalonate or for the production of necessary cofactors.
From the work on cholesterol it would be expected that lanosterol (I) would be the first cyclization product in phytosterol biosynthesis (Rowe, 1965) , but this remains to be demonstrated experimentally. Indeed, Benveniste, Hirth & Ourisson (1964b) and Ehrhardt, Hirth & Ourisson (1965) , in preliminary reports, have been unable to detect lanosterol in Nicotiana tabacum. However, Benveniste et al. (1964b) identified cycloartenol (II) in these tissue cultures and suggested that this compound may take the place of lanosterol in phytosterol biosynthesis. Evidence for the widespread distribution of cycloartenol in plants is becoming available (see Ourisson & Crabbe, 1961) . It has been obtained from potato leaves (Schreiber & Osske, 1962) and from grapefruit peel , and gas-liquid chromatography indicates its presence in very small amounts in leaves of lucerne and larch and in Fucus spiralis (L. J. Goad, unpublished work). By contrast, apparently the only reports of lanosterol in higher plants are in the latex of Euphorbia balsamifera (Gonzalez & Mora, 1952; Gonzalez & Toste, 1952) and in tissue cultures of Pauls Scarlet Rose (Williams & Goodwin, 1965) .
In the present investigation gas-liquid chromatography conclusively showed the presence of cycloartenol in pea leaves, but a minor component that could be lanosterol was also noted. However, its identification is by no means unequivocal because cycloartanol, which has beenreported to accompany cycloartenol in rice-bran oil (Shimizu et al. 1964) , and x-amyrin have similar retention times to lanosterol on the column we used, SE-30. Addition of authentic lanosterol to a sample of the 'lanosterol' fraction from peas labelled with [2-14C]mevalonate followed by acetylation and crystallization failed to establish conclusively the presence or absence of lanosterol. The material could not be recrystallized to constant specific activity, and during several recrystallizations it fell progressively to a low value at which point lack of material prevented further recrystallization. Further work, preferably at the enzyme level, is clearly required to investigate the possibility that cycloartenol replaces lanosterol as a precursor in phytosterol biosynthesis, but it should be emphasized that the inability to detect lanosterol in plant tissues does not of itself rule it out as a biosynthetic intermediate. Lanosterol loses three methyl groups as carbon dioxide during its conversion into cholesterol (Olson, Lindberg & Bloch, 1957) , and a 4a-methyl steroid is considered to be an intermediate. Regardless of the identity of the immediate squalene cyclization product a similar sequential loss of methyl groups must occur during phytosterol biosynthesis. A number of 4a-methyl steroids have been obtained from higher plants and suggested as phytosterol intermediates. Lophenol (IV) was isolated from the cactus Lophocereus achottii (Djerassi et al. 1958) , 24-ethylidenelophenol (citrostadienol) (VI) from grapefruit and orange-peel oil (Mazur, Weizmann & Sondheimer, 1958a,b) and from potato leaves (Schreiber & Osske, 1964) , and 24-methylenelophenol (V) has been obtained from potato leaves and sugar-cane leaf waxes (Osske & Schreiber, 1965) and also identified in grapefruit peel . Both compounds (V) and ( Tables 1 and 2 ) that are actively synthesizing the major phytosterols has now been established and strengthens the suggestion that these comVol. 99 743
